Investigation of thermal management for lithium-ion pouch battery module based on phase change slurry and mini channel cooling plate by Bai, Fanfei et al.
 
 
University of Birmingham
Investigation of thermal management for lithium-ion
pouch battery module based on phase change
slurry and mini channel cooling plate
Bai, Fanfei; Chen, Mingbiao; Song, Wenji; Yu, Qinghua; Li, Yongliang; Feng, Ziping; Ding,
Yulong
DOI:
10.1016/j.energy.2018.10.137
License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)
Document Version
Peer reviewed version
Citation for published version (Harvard):
Bai, F, Chen, M, Song, W, Yu, Q, Li, Y, Feng, Z & Ding, Y 2019, 'Investigation of thermal management for
lithium-ion pouch battery module based on phase change slurry and mini channel cooling plate', Energy, vol.
167, pp. 561-574. https://doi.org/10.1016/j.energy.2018.10.137
Link to publication on Research at Birmingham portal
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
Accepted Manuscript
Investigation of thermal management for lithium-ion pouch battery module based on
phase change slurry and mini channel cooling plate
Fanfei Bai, Mingbiao Chen, Wenji Song, Qinghua Yu, Yongliang Li, Ziping Feng,
Yulong Ding
PII: S0360-5442(18)32132-7
DOI: https://doi.org/10.1016/j.energy.2018.10.137
Reference: EGY 14034
To appear in: Energy
Received Date: 4 September 2018
Revised Date: 19 October 2018
Accepted Date: 23 October 2018
Please cite this article as: Bai F, Chen M, Song W, Yu Q, Li Y, Feng Z, Ding Y, Investigation of thermal
management for lithium-ion pouch battery module based on phase change slurry and mini channel
cooling plate, Energy (2018), doi: https://doi.org/10.1016/j.energy.2018.10.137.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Investigation of thermal management for lithium-ion pouch 
battery module based on phase change slurry and mini channel 
cooling plate 
Fanfei Bai,a,b,c,d,e  Mingbiao Chen,a,b,c  Wenji Song,a,b,c* Qinghua Yu,e  Yongliang Li,e*  Ziping 
Feng,a,b,c  Yulong Dinge 
aGuangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou 510640, 
China 
bCAS Key Laboratory of Renewable Energy, Chinese Academy of Sciences, Guangzhou 510640, 
China 
cGuangdong Provincial Key Laboratory of New and Renewable Energy Research and 
Development, Guangzhou 510640, China 
dUniversity of Chinese Academy of Sciences, Beijing 10049, China 
eSchool of Chemical Engineering, University of Birmingham, Birmingham B15 2TT, United 
Kingdom 
 
The following are the e-mails of the authors: 
1) Name: Fanfei Bai                     E-mail: baiff@ms.giec.ac.cn 
2) Name: Mingbiao Chen                 E-mail: chenmb@ms.giec.ac.cn 
3) Name: Wenji Song*                   E-mail: songwj@ms.giec.ac.cn 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
4) Name: Qinghua Yu                    E-mail: Q.Yu@bham.ac.uk 
5) Name: Yongliang Li*                  E-mail: y.li.1@bham.ac.uk 
6) Name: Ziping Feng                    E-mail: fengzp@ms.giec.ac.cn 
7) Name: Yulong Ding                    E-mail: Y.Ding@bham.ac.uk 
 
Highlights： 
• Battery thermal management based on the PCS and mini channel was proposed. 
• The cooling plate was designed to balance the cooling effect and energy consumption. 
• The management cooled battery effectively and performed better than water cooling. 
• The optimal mass flow rate for different concentrations of PCS was determined. 
• The dimensionless empirical formulas were obtained. 
 
Abstract：In this paper, the thermal management based on phase change slurry (PCS) and mini 
channel cooling plate for the lithium-ion pouch battery module was proposed. The 
three-dimensional thermal model was established and the optimum structure of the cooling plate 
with mini channel was designed with the orthogonal matrix experimental method to balance the 
cooling performance and energy consumption. The simulation results showed that the cooling 
performance of PCS consisting of 20% n-octadecane microcapsules and 80% water was better 
than that of pure water, glycol solution and mineral oil, when the mass flow rate was less than 3 × 
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10-4 kg s-1. For different concentrations of PCS, if the mass flow rate exceeded the critical value, 
its cooling performance was worse than that of pure water. When the cooling target for battery 
maximum temperature was higher than 309 K, the PCS cooling with appropriate microcapsule 
concentration had the edge over in energy consumption compared with water cooling. At last, the 
dimensionless empirical formula was obtained to predict the effect of the PCS’s physical 
parameters and flow characteristics on the heat transfer and cooling performance. The simulation 
results will be useful for the design of PCS based battery thermal management systems. 
Keywords：Phase change slurry; Cooling plate; Battery thermal management; Dimensionless 
empirical formula 
Nomenclature 
t      time (s) 
Tmax   maximum temperature (K) 
Tmin    minimum temperature (K) 
∆Tmax maximum temperature difference (K) 
∆T   temperature difference (K) 
T0    ambient temperature (K) 
T     temperature (K) 
θ     excess temperature (K) 
θmax   maximum excess temperature (K) 
θmax0  maximum excess temperature without 
cooling (K) 
∆P    pressure drop (Pa) 
P     static pressure (Pa) 
cp     specific heat (J kg-1 K-1) 
ρ      density (kg m-3) 
λ      thermal conductivity (W m-1 K-1) 
λ，    effective thermal conductivity 
(W m-1 K-1) 
q      heat (W) 
U     open-circuit voltage (V) 
V     terminal voltage (V) 
I      current (A) 
A     area (m2) 
d     diameter (m) 
L     latent heat (J kg-1) 
h     heat transfer coefficient (W m-2 K-1) 
V     volume (m3) 
    mass flow rate (kg s-1) 
∇
    
nabla operator 
u
   
   velocity (m s-1) 
µ     apparent viscosity (m2 s-1) 
m

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V
ur
    
velocity vector
 
f
ur
    
 fluid volume force vector 
viscousF
ur
 
fluid viscous force vector 
C     constant 
Cv    volume fraction 
Cm    mass concentration 
y     core-to-shell weight ratio
 
e     shear rate 
Gr    Grashof number 
Nu    Nusselt number 
Pr    Prandtl Number 
Re    Reynolds number 
Pe    Peclet number 
Θ  excess temperature dimensionless number  
n    number of cooling channels 
w    total width of cooling channels (mm) 
δ      thickness of cooling channels (mm) 
Subscripts 
bat    battery 
out     outlet 
in      inlet 
Al    aluminum 
X     X direction 
Y     Y direction 
Z     Z direction 
v     volume 
m     mass 
p     particle 
c     core 
s     shell 
f     carrier fluid 
Acronyms 
HEV   hybrid electric vehicle  
EV    electric vehicle 
PCM   phase change material 
PCS    phase change slurry 
mPCM  micro-encapsulated PCM 
BTMS battery thermal management system 
SOC    state of charge
1. Introduction 
Lithium-ion batteries made from multiple cells connected parallel have been targeted for use in 
electric vehicles (EVs) and hybrid electric vehicles (HEVs) due to their high power capability and 
energy density[1]. The thermal safety risk of large capacity lithium battery module is improved as 
battery module with more energy can be released during a single cell failure[2]. The battery 
thermal management system (BTMS) is used to limit the maximum temperature (Tmax) of battery 
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module during normal operation in order to avoid thermal runaway and also to decrease the 
maximum temperature difference (∆Tmax) to prolong the battery lifespan[3]. Many thermal 
management technologies for battery packs in EVs or HEVs have been developed in the past few 
decades, including air cooling, liquid cooling, phase change material (PCM) cooling and heat 
pipes cooling[4][5]. Besides, some innovative cooling technologies, such as boiling based cooling 
method[6][7] and couple multiple cooling method[8], are also developed. 
As moving devices, like pumps or blowers, are not required, passive thermal management based 
on the PCM is more cost-effective and reliable[9]. The heat generated by the battery can be 
absorbed by the PCM located between the cells of battery modules. When the temperature of the 
cell reaches the PCM melting point, further heat will be stored in the PCM as latent heat with no 
further increase in temperature[10][11]. However, it is difficult to employ this method efficiently 
because of the relatively low thermal conductivity (< 0.5 W m–1 K–1), which leads to a temperature 
gradient inside the PCM[12][13][14][15]. Furthermore, during the phase change process the PCM 
expands or shrinks, which may lead to leaking and an increase in thermal resistance. Most 
importantly, unlike with active thermal management, the BTMS based on the PCM cannot remove 
the heat in the PCM instantaneously to attain a sustained and effective cooling performance[16].  
Liquid cooling technology has become the most widely used cooling technology in industrial 
applications. Compared with the PCM, liquid has higher thermal conductivity which leads to 
higher cooling performance and is more suitable for large-scale battery packs. Liu[17] concluded 
that the liquid cooling made the strongest cooling effect under a normal environment temperature 
condition and the Reynolds number influenced the effect of the liquid cooling performance greatly. 
The liquid cold plate with mini-channels, as a method of indirect cooling, was shown to be more 
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practical than direct liquid cooling though it had a slightly lower cooling performance[18][19][20]. 
The number of mini-channels and the inlet mass flow rate influence the Tmax of the battery[21]. 
Additionally, the effect of discharge rates and operating temperature was investigated in the 
reference[22][23]. A novel BTMS based on PCM and water cooling plate was also designed to cool 
the pouch battery module [8]. The water cooling plate was employed in cooling the near-electrode 
area with a high heat generation rate. The PCM also played a role in absorbing the heat generated 
by other parts of the battery.  
The phase change slurry (PCS) is made up of micro-encapsulated PCM (mPCM) and carrier 
fluid. The mPCM consists of PCM as core material and polymer as shell material[24]. PCS has high 
latent heat capacity and high energy density as it combines the properties of PCM with liquid 
coolant. It can store or release a large amount of heat at a relatively stable temperature and transfer 
the heat during the flow[25]. However, it is more difficult to pump compared with pure water, 
especially at low temperatures. The viscosity of PCS is 10 times higher than that of water when 
the mass concentration of mPCM is 30% and the temperature is 293 K[26]. While, the research of 
Delgado[27] indicated that when the fluid velocity is higher than 0.4 m s-1, the pumping power of 
PCS is less than that of pure water for the same amount of heat removal. Moreover, a carefully 
selected concentration of mPCM could effectively reduce the flow rate and reduce the total 
pumping power[28]. Compared with water and PCM, the advantage of PCS in energy conservation 
and temperature control was further demonstrated in an under-floor electric heating system and 
floor cooling system[29][30]. The heat transfer in the melting region was highly enhanced by the use 
of PCS in a micro channel under constant heat flux[31]. Although, the use of PCS for heat storage 
or heat transfer was widely investigated[32][33], research on the use of PCS in battery cooling is still 
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limited. Zhang[34] used n-octadecane (C18H37) and pentadecane (C15H31) as the heat transfer media 
of the PCS cycle for EV battery cooling and heating, respectively. A comparison with direct cabin 
air blow and refrigerant circulation methods using 1st Law and 2nd Law analysis showed that the 
PCS cycle method had higher energy efficiency. 
In conclusion, as the PCS combines the outstanding convection heat transfer effect of the liquid 
cooling technology and the advantage of the latent heat in heat storage, it can play an important 
role in battery cooling. In order to ensure the superiority of the BTMS based on the PCS, the 
cooling performance of the PCS in a battery module should be investigated and the results will be 
compared with the water cooling performance. And the simulation results can be used as a 
reference for the arrangement of experimental scheme and the engineering application. In this 
paper a PCS based on water and n-octadecane microcapsules was used in a mini channel cooling 
plate to restrain the rise in battery temperature and attain a more uniform temperature field. The 
study focused on the cooling performance of the PCS in a battery module. The orthogonal 
experiment method was used to optimize the structure design of the mini channel cooling plate 
with PCS. Furthermore, the cooling performance of the PCS was compared with that of other 
liquids. The effect of mPCM’s melting point, concentration as well as the mass flow rate of PCS 
on the cooling performance was studied. Lastly, the simulation results were dealt with 
dimensionless method and an empirical formula was derived to describe the effect of the PCS’s 
physical parameters and flow characteristics on the heat transfer and cooling performance. 
2. Model 
2.1 Physical problem 
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The combination of mini-channel cooling plate and PCS was used to reduce the Tmax and the ∆Tmax 
of the battery. The cooling plates with mini channels were set between adjacent batteries, as shown 
in Fig. 1. The width and height of the cooling plate equals to that of the pouch battery. The PCS 
flowed into the mini channel inlet near the electrode area and removed the battery heat generated. 
The mini channels were straight and uniformly distributed in order to decrease the pressure drop 
(∆P) of PCS and improve the uniformity of the temperature field. The number, total width and 
thickness of cooling channel (the size of the cooling channels in the X directions, as the Fig.1 
shows) in the cooling plate would be validated and optimized to obtain better heat dissipation. The 
physical sizes and thermal properties used in the simulation are summarized in Table 1. T0 is the 
ambient temperature. X, Y and Z denote the size of the module in orthogonal directions, 
respectively.  
 
Fig. 1 The structure of battery module and cooling plate 
GAMBIT was used to mesh the model and FLUENT 17 was used as the simulation software. 
The transient solver was used to simulate the cooling performance of the battery in discharging 
mode. The inlet and outlet conditions of the simulation were the inlet velocity and outlet pressure. 
As the maximum Reynolds number of the PCS was less than 2300, the laminar flow model was 
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chosen. The environment temperature, the initial temperature of the batteries and the inlet 
temperature of the PCS were set to 300 K. In order to simplify the cost of calculation, the 
theoretical model was developed based on the following assumptions:  
(1) The mPCM was assumed evenly distributed in the PCS.  
(2) The specific heat of mPCM in liquid and solid phase was constant. 
(3) The volume of the mPCM was constant during the phase change process. 
(4) The PCS was assumed to be incompressible. 
The independent test of grid number and time step were performed to guarantee accuracy. The 
mesh with 896199 grids and a time step of 0.1 s were used in the simulation. The convergence 
criteria for flow and energy were set to 10-6.  
Table 1 Specifications and parameters of the battery and cooling plate 
Parameters Value Parameters Value 
Nominal capacity (Ah) 20 Al foil thickness (mm) 0.02 
Nominal voltage (V) 3.25 Anode thickness (mm) 0.08 
Size (mm) 230×170×7 Cathode thickness (mm) 0.07 
Weight (g) 545 Separator thickness (mm) 0.03 
Maximum discharge current (A) 40 Thermal conductivity along surfaces (W m-1 K-1) 12 [8] 
Discharge operating temperature (K) 253-333 Thermal conductivity in thickness direction (W m-1K-1) 0.34 [8] 
Anode material LiPFeO4 Average battery specific heat (J kg-1 K-1) 2138 [8] 
Cathode material LixC6 Wall thickness of cooling plate (mm) 0.5 
Separator PE/PP/PP Aluminum thermal conductivity (W m-1 K-1) 202.4 [21] 
Electrolyte LiPF6 Aluminum specific heat (J kg-1 K-1) 871 [21] 
Cu foil thickness (mm) 0.01 Aluminum density (kg m-3) 2719 [21] 
2.2 Governing equations 
2.2.1. Thermal model of the battery 
The energy conservation of a battery follows: 
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2
,bat p bat bat bat
T
c T q
t
ρ λ∂ = ∇ +
∂
                            (1) 
where ρbat, cp,bat, λbat, and qbat are the density, specific heat capacity, thermal conductivity and heat 
generation of battery, respectively. T is temperature and t is the time.  
The heat generation of the battery was different because of the different size, type and 
discharging rate. When the Li-ion battery operated at working conditions, the relationship between 
heat generation and electrical parameters can be written as following [2]: 
( ) ( )bat
dUq I U V I T
dT
= − −
                            (2) 
where U, V and I is the open circuit voltage, terminal voltage and current of battery, respectively. 
In this paper, a uniform battery heat generation based on an electro-thermal coupled model for the 
pouch battery in the previous work was used[35]. To verify the battery heat generation model, the 
experiment and simulation results of temperature and voltage were compared, respectively. In the 
experiment, the 20Ah LiFePO4/C pouch battery was used. In the thermostat, the battery was 
charged with 1/3 C constant current then 3.65 V constant voltage. Here, the discharge rate C is 
equal to discharge current divided by the nominal capacity. After resting for 1 hour, the battery 
was discharged with constant-current (CC) to 2.9 V. The discharge rate was 0.5 C, 1.0 C, 1.5 C 
and 2 C, respectively. There were 6 T-type thermocouples distributed on the battery surface to 
monitor the battery temperature. An image of the experimental set-up and a comparison of the 
experimental and simulation values follows: 
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Fig. 2 (a) An image of the experimental set-up, (b) mean temperature of 6 points on the battery surface, (c) voltage 
versus discharging time 
In the module, the heat removed by the PCS, qPCS, is calculated as: 
,
( )PCS p PCS PCS PCS in out inq c u A T Tρ= −                       (3) 
where cp,PCS, uPCS and ρPCS are the specific heat, velocity and density of the PCS, respectively. The 
qualitative temperature is the mean value of the inlet temperature Tin and the outlet temperature 
Tout. Ain is the inlet area of the mini channel. 
The energy conservation equation, the momentum conservation equation and the continuity 
equation of the PCS in the mini channel are given as follows: 
( )p pTc c u T T qtρ ρ λ
∂
⋅∇ + ∇⋅ − ∇ =
∂
+
                       (4) 
1 1( ) viscousV V V P f F
t ρ ρ
∂
+ ∇ = − ∇ + +
∂
ur
ur ur ur ur

                      (5) 
( ) 0u
t
ρ ρ∂ ∇⋅ =
∂
+
                                (6) 
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where V
ur
, f
ur
, viscousF
ur
 represent the velocity vector, volume force vector and viscous force 
vector, respectively. And P is the static pressure. 
The surface heat transfer conditions is not taken into account since the liquid cooling has a 
much stronger effect on heat transfer than the natural convection and radiant heat transfer. 
2.2.2 Governing equation of the physical properties of mPCM and PCS 
Mass concentration of the mPCM in the PCS is an important parameter. As the mass concentration 
increases, both the heat capacity and the viscosity of the slurry increase while the thermal 
conductivity decreases. All these will influence the performance of heat transfer. The volume 
fraction, Cv, depends on the density and mass concentration Cm. And it can be described as Eq. (7): 
PCS
v m
p
C C ρ
ρ
=
                                (7) 
where the subscripts p and PCS mean particle and PCS, respectively, and Cv and Cm indicate the 
volume fraction and mass concentration, respectively. 
According to the law of conservation of mass, the density of mPCM can be calculated by the 
densities of core/shell materials and the ratio of core to the shell:  
 
(1 ) c s
p
c s
y
y
ρ ρρ
ρ ρ
+
=
+
                              (8)
 
where the subscripts c and s indicate core and shell, respectively, and y is the core to shell weight 
ratio. During the phase change process, the density of core material will change by 10 - 15%. As 
the core material concentration in the bulk slurry is low, the change in slurry density is no more 
than 3%. So the density of slurry can be treated as a constant[36]. Thus, the density of PCS can be 
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calculated as in Eq. (9): 
(1 )
p f
PCS
m f m pC C
ρ ρρ
ρ ρ
=
+ −
                           (9) 
where the subscript f refers to the carrier fluid. 
The specific heat of mPCM and PCS can be calculated as relation (10-11): 
, ,
,
( )
( )
p c p s c s
p p
c s p
yc c
c
y
ρ ρ
ρ ρ ρ
+
=
+
                           (10)
 
, , ,
(1 )p PCS m p p m p fc C c C c= + −
                         (11) 
The specific heat of the liquid and solid phase may be assumed as constant as the 
concentration of mPCM is low[37]. 
The thermal conductivity of the mPCM can be calculated by the composite sphere approach: 
1 1 p c
p p c c s p c
d d
d d d dλ λ λ
−
= +
                          (12) 
3
c s
p s c
d
d y
ρ
ρ ρ
 
=   + 
                            (13)
 
where dp and dc refer to the particle and core diameters, respectively. 
The thermal conductivity of the PCS is calculated as in relation (14)： 
2 2 ( )
2 ( )
f p v p f
PCS f
f p v p f
C
C
λ λ λ λλ λ λ λ λ λ
+ + −
=
+ − −
                     (14)
 
Because of the interaction between fluid and mPCM, the actual thermal conductivity become 
higher when the PCS flows. The effective thermal conductivity can be written as follows[38]: 
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1PCS nv p
PCS
BC Pe
λ
λ = +
，
                               (15)
 
where 
PCS
λ，  is the effective thermal conductivity of the PCS. 
Pep is the particle Peclet number defined as[39]: 
2
=p
f
edPe
α
                                  (16)
 
where e is the shear rate, af  is the thermal diffusivity of carrier fluid, and values of B and n 
depend on the particle Peclet number: 
3.0     =1.5      < 0.67
1.8     =0.18    0.67 250
3.0     =1/11    250
P
P
P
B n Pe
B n Pe
B n Pe
=

= ≤ ≤

= >
                 (17)
 
The viscosity of PCS has important implications on the pressure drop (∆P) and power 
consumption when it is used to transport energy. Higher viscosity leads to higher ∆P, which means 
higher power consumption. As the temperature falls or the mass concentration rises, the viscosity 
of the PCS increases. The apparent viscosity of the slurry can be calculated as in Eq. (18) 
2 -2.5
=(1- - )PCS v v
f
C NCµ
µ
                             (18)
 
where N is a parameter which is related to the size, shape, rigidity and type of the mPCM and can 
be obtained experimentally. For a particle diameter of 6.3 µm, the N is 1.16[40]. 
As the optimum temperature range of the battery was 298 - 313 K[41], it was appropriate that the 
phase change temperature of the mPCM used in the battery thermal management was in the range 
of 303 - 308 K. The mPCM used in the simulation was prepared by the ultrasonic-assisted mini 
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emulsion in-situ polymerization[42]. The shell and the core of the mPCM were polystyrene and 
n-octadecane, respectively. The mPCM was uniformly distributed in the water to prepare the PCS 
used in the simulation. The properties of the materials used in the PCS are shown in Table 2.  
Table 2 Properties of material used in the PCS[43]. 
Item n-octadecane  Polystyrene Water  
ρ (kg m-3) 814 1050 998.2 
cp (J kg-1 K-1) 1900 1300 4182 
λ (W m-1 K-1) 0.21 0.08 0.6 
υ (kg m-1 s-1) - - 0.001003 
LPCM (J kg-1) 244000 - - 
3 Results and discussion 
3.1 Cooling plate design based on orthogonal experiment 
3.1.1 Orthogonal design 
The orthogonal experiment integrated with simulations was used with the intention of obtaining 
the optimum structure of cooling plate, balancing the battery Tmax, temperature uniformity and ∆P 
for thermal management based on the PCS. The PCS used in the simulations of the cooling plate 
design consisted of 80% mass fraction water and 20% mass fraction n-octadecane microcapsules. 
The design factors including number the of cooling channels, total width of the cooling channels 
and thickness of the cooling channels can be validated and optimized for heat dissipation. In order 
to prolong the lifetime of the lithium ion battery and improve the available SOC of the battery 
system, the battery Tmax and ∆Tmax need to be controlled and thus their upper limits were set to 
313 K and 5 K, respectively. Meanwhile, lower ∆P of coolant with same mass flow rate resulted in 
lower energy consumption.  
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A factorial design was considered with all possible factor level combinations. More efficient 
designs were received using orthogonal arrays with only a fraction of all possible factor level 
combinations. Orthogonal arrays were usually denoted by the number of performed experiments 
and the number of levels per factor and the number of factors. 
The cooling plate with channels made of aluminum was set between two adjacent pouch 
batteries and its length and width were equal to that of the battery. In the upfront simulation and 
experiment of the pouch battery, it was found that the maximum temperature of the area near the 
electrode tabs was higher than that farther from the electrode tabs as the heat generation was 
non-uniform during the 2C discharging process. Consequently, the inlet of the channels was set at 
the upper end of the cooling plate which is nearest to the electrode area for better cooling 
performance. In order to decrease the ∆P, the channels were designed to be straight. Channels 
were uniformly distributed to decrease the temperature difference in the horizontal direction. The 
structure of the battery module and cooling plate are shown in Fig. 1.  
The L16 (45) orthogonal array matrix with four levels and three factors was employed to assign 
the considered factors, including the number of cooling channels (n, factor A), total width of 
cooling channels (w, factor B), thickness of cooling channels (δ, factor C) and levels, as shown in 
Table 3. The difference of mass flow rate in each cooling channel was neglected. The mass flow 
rate of the slurry (the total mass flow rate of slurry in one cooling plate) was 1 × 10-4 kg s-1 and the 
volume fraction of the phase change capsule in the slurry was 20%. 
Table 3 Levels and factors of the cooling plate design 
Level 
Factor 
n (A)  w (B) / mm δ (C) / mm 
I 6 60 2 
II 9 75 2.5 
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III 12 90 3 
IV 15 105 3.5 
Sixteen trials were carried out according to the L16 (45) matrix to complete the optimization 
process. Each row of the orthogonal array represented a case with a specific combination of factor 
levels to be tested. In order to avoid any subjective or personal bias, the case order was 
randomized. The matrix included three factors and each factor covered four levels as shown in 
Table 3. After the orthogonal experiments and subsequent data analysis, the optimal structural 
design of the cooling plate was determined. Finally, the experiment was repeated under the 
optimal structure to verify the data. The sixteen experiments were carried out and the results are 
shown in Table 4. 
Table 4 Values of Tmax, ∆Tmax and ∆P with L16(45) matrix (discharge rate: 2C) 
Simulation number 
NO. 
Factor Result 
A B C Tmax / K ∆Tmax / K ∆P / Pa 
1 6 60 2 310.249 5.423 1.251 
2 6 75 2.5 310.039 5.420 0.518 
3 6 90 3 309.850 5.471 0.2523 
4 6 105 3.5 309.650 5.490 0.138 
5 9 60 2.5 310.235 5.311 0.738 
6 9 75 2 310.056 5.473 1.034 
7 9 90 3.5 309.659 5.528 0.178 
8 9 105 3 309.797 5.434 0.225 
9 12 60 3 310.155 5.306 0.515 
10 12 75 3.5 309.922 5.361 0.259 
11 12 90 2 309.866 5.595 0.872 
12 12 105 2.5 309.737 5.701 0.394 
13 16 60 3.5 310.039 5.351 0.421 
14 16 75 3 309.937 5.441 0.4122 
15 16 90 2.5 309.815 5.530 0.504 
16 16 105 2 309.689 5.629 0.757 
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In this section, the orthogonal experiment integrated with simulations was used in obtaining the 
effect of 3 factors on the battery cooling performance and the pressure drop of PCS in heat transfer 
process. 
3.1.2 Screening of the optimal structure 
In Table 4, the 4 levels of Factor A appear in the test NO.1 ~ NO.4, NO.5 ~ NO.8, NO.9 ~ 
NO.12, NO.13 ~ NO.16, respectively. The value of Tmax in the 16 tests were numbered as N1 ~ N16, 
respectively. ki is used to evaluate the effect of each level on the Tmax. And R is used to evaluate 
the effect of each factor on the Tmax. They can be described as Eq. (19) and Eq. (20): 
1 1 2 3 4
2 5 6 7 8
3 9 10 11 12
4 13 14 15 16
( ) 4
( ) 4
( ) 4
( ) 4
k N N N N
k N N N N
k N N N N
k N N N N
= + + +

= + + +

= + + +
 = + + +                  (19)
 
1 2 3 4 1 2 3 4max( , , , ) min( , , , )R k k k k k k k k= −                  (20) 
A larger R means a greater influence from the factor. The ki and R for each factor at different 
levels are shown in Table 5 and the value of ki for Tmax, ∆Tmax and ∆P are shown in Fig. 3. 
Table 5 Range analysis data of simulation 
Parameter 
Tmax / K ∆Tmax / K ∆P / Pa 
A B C A B C A B C 
k1 309.947 310.170 309.965 5.451 5.348 5.530 0.540 0.731 0.979 
k2 309.937 309.989 309.956 5.436 5.424 5.490 0.544 0.556 0.538 
k3 309.920 309.797 309.935 5.491 5.531 5.413 0.510 0.452 0.351 
k4 309.870 309.718 309.818 5.488 5.563 5.432 0.524 0.379 0.249 
R 0.077 0.452 0.147 0.055 0.215 0.117 0.034 0.352 0.730 
The results in Fig. 3(a) show that the Tmax decreased as the Factor A, B, C increased. The 
increasing Factor A, B, C lead to lower velocity of coolant. As a result, the heat transfer process 
between battery and PCS is prolonged and more heat is removed by the coolant. As the factor with 
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a larger Ri has a bigger influence on the relevant evaluation index [27], the effect of factors on the 
battery Tmax are listed as follows: factor B (w) > factor C (δ) > factor A (n). This is reflected in Fig. 
3(a).The combination of n = 15 (Tmax = 309.870 K), w = 105mm (Tmax = 309.718 K) and δ = 3.5 
mm (Tmax = 309.818 K) gave the lowest value of kij for each factor. As a result, the optimum 
structure is A4B4C4. As Fig. 3(b) shows, the Tmax increased as the Factor B increased. But the 
effect of the3 Factors on the battery ∆Tmax is small and it indicates that it is the non-uniform heat 
generation playing a vital role in the battery ∆Tmax. n = 9 and δ = 3 mm gave the lowest value of kij 
for Factor A and Factor C. When the evaluation index is ∆Tmax, the optimum structure is A2B1C3. 
Fig. 3(c) shows that the ∆P decreased with the increasing Factor B and C. It results from the 
velocity of coolant decreases with the increasing Factor B and C. Similarly, the optimum structure 
should be A3B4C4 to decrease the energy consumption.  
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(a)                              (b)                             (c) 
Fig. 3 Mean values of each factor for Tmax (a), ∆Tmax (b) and ∆P (c) 
As discussed before, the optimization programs for Tmax, ∆Tmax and ∆P were A4B4C4, A2B1C3 
and A3B4C4, respectively. These tree programs were also simulated with Fluent and the results are 
shown in Table 5. As shown in Fig. 3, it is obvious that the influence of the number of cooling 
channels on the Tmax, ∆Tmax and ∆P was small. As the total width of the cooling channel increased, 
the Tmax showed opposite trend in comparison to ∆Tmax and ∆P. The Tmax, ∆Tmax and ∆P decreased 
with increasing channel thickness. Thus it was impossible to minimize the Tmax, ∆Tmax and ∆P in 
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the same program, as shown in Table 6. It was necessary to find the program which could keep a 
balance in the values of Tmax, ∆Tmax and ∆P. In Table 4, the Tmax and ∆P of program A1B4C4 (No.4 
in Table 4) was smallest and the ∆Tmax was 0.18 K higher than that of the smallest value obtained 
amongst the programs. As the variation of ∆Tmax was smaller than Tmax and ∆P, among the 16 
programs in Table 4 the A1B4C4 could be the optimization program in keeping balance of Tmax, 
∆Tmax and ∆P. 
Table 6 Single experiment index optimization program 
Evaluation 
index 
Optimization 
program 
Significance of 
each factor 
Result 
Tmax / K ∆Tmax / K ∆P / Pa 
Tmax A4B4C4 B>C>A 309.571 5.510 0.169 
∆Tmax A2B1C3 B>C>A 311.205 5.152 0.306 
∆P A3B4C4 C>B>A 309.597 5.503 0.121 
The difference between No.4 (A1B4C4) and A4B4C4 was the number of the cooling channels. As 
the channel number has only a slight influence on the cooling performance, the temperature field 
and energy consumption of the two were similar. A1B4C4 was better than A4B4C4. Similarly, the 
A1B4C4 was better than A4B4C4. Compared with A1B4C4, the ∆Tmax of A2B1C3 was 0.338 K lower 
but the Tmax of A2B1C3 was 1.56 K higher. This is because the increasing channel width heavily 
influenced the ∆Tmax. As a result, considering the balance of Tmax, ∆Tmax and ∆P and practical use, 
the A1B4C4 was selected as the optimal structure. Thus the optimal level for each factor was 
determined as follows: 6 cooling channels, 105 mm total width of cooling channels with a 
thickness of 3.5 mm. Fig. 4 shows the temperature field cloud image of the battery center section 
with cooling and without cooling after 2C discharging. 
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(a)                                    (b) 
Fig. 4 Temperature field cloud image of battery center section without cooling (a) and with PCS cooling (b) after 
2C discharging 
In this section, the optimum structure of the cooling plate with 6 mini channels, whose total 
width was 105 mm and thickness was 3.5 mm was obtained with orthogonal experiment and 
simulations. And this cooling plate can balance the battery cooling performance and the energy 
consumption of PCS.  
3.2 The comparison of PCS with other liquids in cooling performance 
In order to compare the cooling performance of the PCS with other liquids, the cooling plate 
with the PCS (80 % mass fraction water and 20 % mass fraction n-octadecane microcapsule), pure 
water, glycol solution (50% mass fraction water and 50% mass fraction glycol) and mineral oil 
were utilized to cool the 2C discharging battery, respectively. The material properties of the 
different liquid coolants are shown in Table 7. The Tmax and ∆Tmax plots of the battery with 
different coolants versus the mass flow rate are shown in Fig. 5.  
Table 7 Material properties of different liquid coolant [15][20] 
Item 
PCS 
(20 microcapsule / 80 water) 
Water 
Glycol solution 
(50 water / 50 glycol) Mineral oil 
ρ (kg m-3) 960 998.2 1069 924.1 
cp (J kg-1 K-1) - 4182 3323 1900 
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λ (W m-1 K-1) 0.4342 0.6 0.3892 0.13 
υ (kg m-1 s-1) 0.001935 0.001003 0.002758 0.005175 
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(a)                                    (b) 
Fig. 5 Tmax plot (a) and ∆Tmax plot (b) of battery cooled by different liquid coolant versus mass flow rate 
The Tmax plot of battery shows that after 2 C discharging the battery Tmax decreased with 
increasing mass flow rate of coolant. The Tmax plot of battery cooled by pure water, glycol solution 
and mineral oil shows a similar trend. Compared with glycol solution and mineral oil with the 
same mass flow rate, pure water performed best in heat dissipation. Profiting from high λ, the heat 
transfer in the pure water was faster coupled with a smaller temperature rise resulting from the 
high cp. As a result, during the heat convection, the enlarged average temperature difference 
between the battery and pure water improved the heat dissipation. In comparison, the small λ and 
cp of the mineral oil led to a high temperature rise. On the other hand, with the increasing mass 
flow rate, the Tmax plot of the battery cooled by the PCS showed a different trend. When the mass 
flow rate is less than 1×10-4 kg s-1, after 2 C discharging, the Tmax of the battery decreases with an 
increase in the mass flow rate. However, further increase in the mass flow rate results in a decline 
in this trend. Interestingly, when the mass flow rate was higher than 3.5×10-4 kg s-1, the Tmax of the 
battery cooled by the PCS was higher than that of the battery cooled by pure water. In the heat 
convection process, the temperature of the PCS was consistently lower than the phase change 
temperature of the core in the microcapsule, when the mass flow rate exceeded 3.5×10-4 kg s-1. In 
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this temperature range, the cp and λ of the PCS was lower than that of pure water. Both the lower 
parameters led to a small average temperature difference and poor cooling performance. When the 
mass flow rate was 1×10-4 kg s-1, the difference between the Tmax of the battery cooled by PCS and 
that by pure water was maximized. In this case, the advantage of the PCS on the cooling 
performance was the most significant. A similar conclusion was also obtained by Rao in his 
research on flow characteristics of microencapsulated phase change material suspensions flowing 
through rectangular mini channels[44]. Therefore, when using a PCS as coolant, the optimal mass 
flow rate of the PCS of different concentrations should be determined to achieve the optimal 
cooling effect. 
The ∆Tmax plots of the battery cooled by the different liquid coolants showed similar trends. 
As the mass flow rate increased, the battery ∆Tmax decreased rapidly to a stable value. When the 
liquid coolant remained stationary, the ∆Tmax of battery cooled by the pure water and glycol 
solution was lower than that of the battery cooled by the PCS. This is because the λ was the key 
factor during the heat conduction process. When the liquid coolant flowed, the ∆Tmax of the battery 
cooled by the PCS decreased rapidly. When the mass flow rate exceeded 1×10-4 kg s-1, the 
difference of battery ∆Tmax cooled by PCS, pure water and glycol solution was less than 0.2 K. The 
∆Tmax of the battery cooled by mineral oil declined slowly at a constant rate. It remained at 5.5 K 
when the mass flow rate was higher than 2×10-4 kg s-1. There was no significant advantage for the 
PCS cooling in decreasing the battery ∆Tmax. The non-uniformity of the battery heat generation 
and low λbat were the key factors resulting in the non-uniformity of the temperature field.  
In the channels, the ∆P was related to the mass flow rate and viscosity. From the Fig. 6, it is 
observed that the ∆P variation of the different liquid coolants has a linear relationship with the 
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mass flow rate. When the mass flow rate was 1×10-4 kg s-1, the ∆P of the PCS was less than that of 
pure water flowing at 2×10-4 kg s-1. Furthermore, the cooling performance of the PCS was better 
than that of pure water, as shown in Fig. 5. In this case, compared with the pure water, the PCS 
had a better cooling performance and lower energy consumption. 
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Fig. 6 ∆P of different liquid coolant in the channels versus mass flow rate 
In this section, battery cooling performance of the PCS, pure water, glycol solution and mineral 
oil were compared. The effect of these 4 coolants on battery ∆Tmax was approximate when the 
mass flow rate exceeded 2×10-4 kg s-1. Compared with other coolants, the PCS showed the 
superiority in restraining the battery Tmax. And the ∆P of the PCS in the mini channel cooling plate 
is higher than that of pure water but lower than that of glycol solution and mineral oil. 
3.3 Effects of mPCM’s phase change temperature 
The phase change temperature of PCMs used in the battery thermal management influenced the 
battery temperature field. In order to investigate the effect of phase change temperature of 
microcapsule in the PCS on the cooling performance, the melting point of the core material in the 
microcapsule was changed in the simulation. The simulation results of the battery temperature are 
shown in Fig. 7.  
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As the melting point of the core material in the microcapsule increased, the battery Tmax after 2 
C discharging increased continuously. Nevertheless, the ∆Tmax of battery changed slightly. When 
the temperature of the mPCM during the heat convection process was lower than the melting point, 
the cp of the PCS was small and the temperature rising of PCS was significant. It led to a decrease 
in the average temperature difference of battery and PCS. As a result, the heat dissipation of the 
PCS declined. If the temperature of the mPCM exceeded the melting point, the phase change 
process of the PCM was activated and it started to absorb heat. In the discharging process, the Tmax 
and Tmin of the battery increased synchronously and the ∆Tmax of the battery was almost unchanged. 
However, it would be inappropriate to lower the melting point too much. If the environment 
temperature exceeded the melting point of the core and the PCS could not be cooled by another 
cold source, the microcapsule might melt before cooling the module. As a result, the PCS will lose 
the ability to absorb more heat in the form of the phase change enthalpy of the microcapsule. In 
other words, if the temperature of the PCS could be cooled lower than the melting point, the lower 
phase change temperature of the core in the microcapsules contributes to restraining the battery 
∆Tmax. Therefore, in battery thermal management based on PCS, the selection of the microcapsule 
melting point should depend on the operating environment and the conditions of the cooling 
system to involve the latent heat[45]. 
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Fig. 7 Battery Tmax and ∆Tmax cooled by PCS versus melting point of mPCM 
In this section, the effect of mPCM’s melting point on battery cooling was investigated. The 
results show that battery Tmax rises with the increasing melting point but the battery ∆Tmax is 
almost unchanged. 
3.4 Effects of PCS’s mass flow rate and concentration 
The PCS’s mass flow rate and concentration are the important factors that influence the cooling 
performance of battery thermal management based on the PCS. In order to find the combined 
effect of these two key factors on the cooling performance, the temperature field of the battery 
cooled by different concentrations at different mass flow rate was simulated. The results are shown 
in Fig. 8.  
As shown in Fig. 8(a), the Tmax curve of the battery cooled by a PCS with a low concentration 
was close to that of the battery cooled by pure water, due to the similar λ and cp. Raising the PCS’s 
concentration made a contribution to the increasing equivalent cp of the PCS within the phase 
change temperature range of the mPCM . Fig. 8(b) shows the ∆Tmax of the battery cooled by 
different concentrations of the PCS versus the mass flow rate. As the mass flow rate of the PCS 
increased, the ∆Tmax of the battery decreased rapidly then increased slightly and remained stable. 
When the mass flow rate was 0.5×10-4 kg s-1, the ∆Tmax of the battery cooled by different 
concentrations of the PCS and pure water was the same and at the minimum value. The difference 
of ∆Tmax was no more than 0.3 K. The value of ∆Tmax was always higher than 5K, even though 
both the concentration and the mass flow rate of PCS increased. 
The Tmax curves for concentrations over 15% seemed dense, while the curves for concentration 
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lower than 10% were scattered, meaning that the enhancement of the cooling performance by 
raising the concentration was limited. The Tmax of the battery cooled by different concentrations of 
PCS declined with increasing mass flow rate and this declining trend diminished gradually. The 
higher the concentration, the more obvious the decline in the trend. The reason being that the 
increasing cp led to a lower temperature of the PCS and a larger average temperature difference 
during the heat transfer process. When the mass flow rate was low, the Tmax of the battery was 
strongly affected. When the mass flow rate was less than 0.25 × 10-4 kg s-1, the PCS temperature 
was higher than the melting point of mPCM. The cooling performance was improved with the 
increasing equivalent cp caused by higher concentration. As the mass flow rate increased, the 
difference of Tmax of the battery cooled by different concentrations of PCS expanded gradually. 
When the flow rate was 1 × 10-4 kg s-1, the difference was greatest. At that stage, the phase change 
latent heat of mPCM played a dominant role. As the mass flow rate increased from 1 × 10-4 kg s-1 
to 2 × 10-4 kg s-1, the difference in cooling performance decreased gradually. As the mass flow rate 
increased to a specific value, the cooling performance of the PCS was equal to that of pure water. 
The value was different with the PCS’s concentration. If the mass flow rate exceeded the value, 
the PCS’s cooling performance was worse than that of pure water. The reason was that the 
temperature of the PCS was always lower than the melting point of the mPCM during the heat 
transfer process but the λ and cp of the PCS was lower than that of pure water. When the flow rate 
was higher than 4 × 10-4 kg s-1, the cooling performance decreased with increasing PCS 
concentration as the λ and cp decreased. At that stage, the λ and cp played dominant role. 
The Fig. 8(c) shows the difference between Tmax of the battery cooled by the PCS and pure 
water versus the mass flow rate. The cooling performance of different concentrations of PCS with 
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different mass flow rates was compared with that of pure water. In each curve of different 
concentrations of the PCS, there were two points that were worthy of attention. One point 
indicated that the difference between Tmax of the battery cooled by the PCS and pure water was 
largest. The corresponding mass flow rate of this point was identified as the optimal value. And 
the other point, whose corresponding mass flow rate was identified as the critical value, donated 
the equal Tmax of the battery cooled by the PCS and pure water. When the mass flow rate was 
higher than the critical value, the PCS’s cooling performance was worse than that of pure water. 
By interpolation on Fig.8(c) the optimal value and the critical value of the mass flow rate for 
different concentrations of the PCS were determined. As shown in Fig. 8(d), both the optimal 
value and the critical value of the mass flow rate decreased with the rising concentration. This 
results from the increasing cp of the PCS in the phase change temperature range caused by the 
increasing concentration. For different concentrations of the PCS used in the battery thermal 
management, to maximize the cooling performance, the corresponding point of PCS’s mass flow 
rate should be close to the black line (the optimal value) in Fig. 8(d). To avoid worsening the 
cooling performance, the corresponding point should be lower than the red line (the critical value) 
in Fig. 8(d). 
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(c)                                   (d) 
Fig. 8 Tmax plot (a) , ∆Tmax plot (b) of battery cooled by different concentration PCS versus mass flow rate; 
difference between Tmax of battery cooled by PCS and pure water versus mass flow rate (c); the optimal value and 
the critical value of mass flow rate for different concentration PCS (d) 
To investigate the energy consumption variation in PCS cooling battery module, the ∆P of 
different concentrations of the PCS and pure water in the cooling channels with increasing mass 
flow rate were simulated. The simulation results are shown in Fig. 9(a). 
It showed that the ∆P of the PCS and pure water in the cooling channels increased linearly with 
the rising mass flow rate, resulting from the straight cooling channels and the low mass flow rate. 
Keeping the mass flow rate unchanged, the ∆P of the PCS increased with concentration, as the 
viscosity was improved. The higher the concentration, the larger the increasing rate of ∆P. When 
considering the mass flow rate of liquid coolant alone, the PCS cooling seemingly had no 
advantage in energy consumption, compared with pure water. 
Nevertheless, cooling performance should be considered to survey whether the PCS cooling had 
the edge over the pure water in energy consumption. The mass flow rate of the different 
concentrations of PCS and pure water were compared, under the conditions that the battery Tmax be 
restrained to the same temperature after 2C discharging. Fig. 8(a) was magnified and some 
auxiliary lines added to draw Fig. 9(b). Firstly, the interpolation method was used to get the mass 
flow rate and ∆P under the circumstance of the battery Tmax being restrained to 310 K. The results 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
are shown in Fig. 9(c). And it showed that with the increase in concentration the mass flow rate 
decreased and the ∆P decreased then increased. When the concentration of the PCS was 15% the 
energy consumption was lowest. Additionally, the ∆P of the different concentrations of the PCS 
was always higher than that of pure water. It revealed that the PCS cooling had advantage in 
energy consumption over pure water, as the cooling target for battery Tmax was 310 K. Then the 
cooling target was set to 311 K, 309 K and 308.5 K, respectively. The ∆P of the different 
concentrations of the PCS and pure water was determined using the previous method. The results 
are displayed in Fig. 9(d). As shown, when the cooling target was 310 K and 311 K, the ∆P of the 
PCS was lower than that of pure water. The PCS cooling had the advantage in energy consumption. 
When the cooling target was 309 K, the ∆P of PCS, with a concentration less than 12%, was lower 
than that of pure water. When the cooling target was 308.5 K, the energy consumption of the PCS 
cooling was higher than that of pure water. The reason being that the phase change enthalpy in the 
mPCM was not completely utilized as the PCS’s concentration increased. However, as the cooling 
performance was improved slightly, the viscosity rose significantly. Yet as discussed before, the 
PCS cooling had the advantage in energy consumption compared with water cooling, when the 
cooling target for the battery Tmax was higher than 309 K and the concentration of the PCS was 
appropriate.  
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Fig.9 ∆P plot (a), Tmax plot (b) of different concentration PCS versus mass flow rate; ∆P and mass flow rate of 
different concentration PCS under the circumstance of the battery Tmax being restrained to 310 K (c); ∆P of 
different concentration PCS with different cooling target for battery Tmax (d) 
In this section, the effect of PCS’s mass flow rate and concentration battery cooling was 
investigated. When the mass flow rate exceeded the critical value, the cooling performance of the 
PCS was worse than that of pure water. When the cooling target for the battery Tmax was higher 
than 309 K, at an appropriate concentration, the PCS cooling had the advantage in energy 
consumption compared with water cooling. 
3.5 Dimensionless empirical formula 
In this section, the average h of different concentrations of PCS versus mass flow rate was 
calculated to further indicate the effect of the PCS’s physical parameters and the flow on the heat 
dissipating process. The results are shown in Fig.10.  
With increasing h, the cooling performance was enhanced and the Tmax of battery module 
declined. As a result, the variation of h in Fig.10 and variation of Tmax in Fig. 8(a) were correlated. 
In the cooling pate with PCS or pure water, the h increased with the increasing mass flow rate. 
Compared with that of pure water as the coolant, the curve of h in the PCS cooling showed a 
different variation trend. The h in water cooling increased with a relative constant rate with 
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increasing mass flow rate, resulting from the unchanged cp. When the mass flow rate was high, the 
rising trend of h in the different concentration PCS cooling declined gradually. The higher the 
concentration of mPCM was, the more obvious the variation trend would be. What’s more, as the 
mass flow rate exceeded a certain value, the h of the PCS cooling was less that of the pure water 
cooling. The higher the concentration of mPCM, the lower the value. It indicated that there was a 
limit in the contribution of mass flow rate and concentration to h in PCS cooling. Wang[46] made 
similar conclusions in their work. It showed that, the gain of the cooling system reduces strongly 
after a certain threshold of liquid flow rate. 
0 1 2 3 4 5
40
50
60
70
80
90
100
h 
(w
 
m
-
2  
K
-
1 )
Mass flow rate (×104 kg s-1)
 0
 5%
 10%
 15%
 20%
 25%
 30%
 
Fig. 10 The average h of different concentration PCS versus mass flow rate 
In order to intuitively describe the simulation results of battery thermal management based on 
PCS, the heat transfer effect of the cooling plate was dealt with a dimensionless method and Fig. 
10 was converted to Fig. 11. The Pr represents the physical characteristics of the PCS with 
different concentrations of mPCM. As the mPCM concentration was 0 %, 5 %, 10 %, 15 %, 20 %, 
25 % and 30 %, the value of Pr changed from 7 to 29.2. The Re represents the flow characteristics 
of the PCS in the cooling plate. The value of Re increased with the increasing mass flow rate of 
PCS. As the velocity of the PCS in the cooling channel was small, the Re was less than 10. The Nu 
represents the performance in the convective heat transfer process. The relation of Nu, Re and Pr 
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can be expressed as[47]: 
  
nmCRN eu Pr=                               (21) 
By taking the logarithm of Nu, Re and Pr, a new form of the equation was obtained: 
 ln  ln lnC m Re nu rN P= + +                       (22) 
With multiple linear regression, the date in Fig.11 can be expressed with the empirical formula in 
dimensionless form, as Eq. (22) shows. It was used to predict the effect of the PCS’s physical 
parameters and flow characteristics on the heat transfer performance. 
0.2103 0.5344
  0.1829N Pru Re=                       (23) 
where the R2 of the empirical formula was 0.9249. 
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Fig. 11 The dimensionless number about Nu-Re-Pr  
In Fig. 11, the exponentiation of Re and Pr in the dimensionless empirical formula was 
higher than 0. It indicates that both the mass flow rate and concentration of the PCS contributed to 
the increasing convective heat transfer. As shown in Fig. 11, in the region made up of 80 points, 
for a constant value of Re, the Nu increased with the increasing Pr. It indicates that the increasing 
h results from increasing PCS’s concentration. Keeping the Pr unchanged, the Nu increased with 
the increasing Re. When the Pr was higher than 10, there was an inflection point in the curve. As 
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the Pr increased, the corresponding Re of the inflection points decreased. To the left of the 
inflection point, Nu increased with Re in a high rising rate. To the right side of the inflection point, 
the rising rate decreased. The occurrence of inflection points indicates that the effect of mass flow 
rate on the cooling performance was weakened.  
Similarly, the dimensionless empirical formula can be used describing the effect of the PCS’s 
physical parameters and flow characteristic on the restraining of Tmax in the cooling process. As 
the maximum excess temperature (θmax) was used to describe the difference of the Tmax and T0, the 
excess temperature dimensional number Θ can be used to show the cooling performance, as in Eq. 
(24):  
max max 0
max 0 max 0 0
= = 
T T
T T
θ
θ
−Θ
−
                          (24) 
where the Tmax0 was the maximum temperature of battery without cooling after the 2 C discharge 
process. The better the cooling performance was, the smaller the Θ was, as the Θ decreased with 
decreasing Tmax. 
Fig. 8(a) was converted to Fig. 12 and the empirical formula with dimensionless form was 
obtained, as Eq. (25) shows.  
0.8733 0.8526
  0.7058Re PrΘ =                      (25) 
where the R2 of the empirical formula was 0.9336. 
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Fig. 12 The dimensionless number about Θ-Re-Pr  
In this section, the effect of PCS’s physical parameters and flow characteristics on the h and 
Tmax were expressed with correlations relevant to the Re and Pr. The correlations can be used 
forecasting the simulation results which were not calculated in this paper, such as different 
concentration and mass flow rate. And the correlations can offer the reference for the arrangement 
of experimental scheme and the engineering application. 
4 Conclusions 
This paper presented work on battery thermal management based on the phase change slurry 
and mini channel cooling plate. The optimum structure of the cooling plate was designed with the 
orthogonal matrix experimental method. The cooling performance of the PCS and that of other 
liquid coolants was compared. The effect of the mPCM’s phase change temperature, the PCS’s 
mass flow rate and concentration on the cooling performance and energy consumption was 
investigated. Lastly, a dimensionless empirical formula was obtained to predict the effect of the 
PCS’s physical parameters and flow characteristics on the heat transfer and cooling performance. 
The main results include: 
(1) The optimum structure of the cooling plate with 6 mini channels, whose total width was 105 
mm and thickness was 3.5 mm, could balance the cooling performance with energy 
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consumption.  
(2) The cooling performance of the PCS consisting of 20% n-octadecane microcapsules and 80% 
water was better than that of pure water, glycol solution and mineral oil, when the mass flow 
rate was less than 3 × 10-4 kg s-1. As the phase change temperature of microcapsules 
increased from 300.5 K to 305.5 K, the Tmax of battery cooled by PCS increased and the 
∆Tmax changed slightly. 
(3) When the mass flow rate exceeded the critical value, the cooling performance of the PCS 
was worse than that of pure water. When the cooling target for the battery Tmax was higher 
than 309 K, at an appropriate concentration, the PCS cooling had the advantage in energy 
consumption compared with water cooling.  
(4) Both an increase in mass flow rate and concentration of the PCS led to a higher convective 
heat transfer coefficient. The effect of physical parameters and flow characteristics of the 
PCS on the h and Tmax were expressed with flowing formulas: Nu = 0.1829Re0.2103Pr0.5344 
and Θ = 0.7058Re0.8733Pr0.8526, respectively.  
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